Experimental pain models may help to evaluate the mechanisms of analgesics and target the clinical indications for their use. This review, the second in a series of two, addresses how the efficacy of non-opioid analgesics have been assessed in human volunteers using experimental pain models.
Introduction
The use of various analgesics is the prevailing treatment of pain.The clinical effects typically guide the selection of the analgesics and titration of the dose. However, when treating clinical pain analgesic effects are difficult to evaluate due to a number of confounding factors. These confounders may include variable baseline pain, complaints relating to psychological factors related to the illness, as well as systemic reactions such as fever and general malaise [1] . In assessing the efficacy of analgesics in clinical trials these confounders can bias the outcome.
Experimental pain models are without many of the above confounders and therefore a valuable tool for characterizing analgesics [2] . Using such models, the investigator can control the experimentally induced pain (including the nature, localization, intensity, frequency and duration of the stimulus), and provide quantitative measures of the psychophysical, behavioural or neurophysiological responses [1, 3] . Since such pain models activate only part of the pain system, application of these experimental pain models offers a unique opportunity for exploring the pain system. Reviews of the various models and analgesics exists, but this review presents a more thorough approach and contains updated information [4] .
Hence, the aim was to characterize how various experimental models of acute pain and evoked hyperalgesia (see definitions below) detect analgesia of clinically used nonopioid analgesics.This can be divided into the following: (i) to investigate the sensitivity of various experimental models to test clinically used non-opioid analgesics and (ii) to investigate how the dose and dosing regimen can affect the findings. As the physiology of deep and superficial pain differs, the results will furthermore be divided into the tissue (skin, muscle or viscera) in where the pain was induced, and into modalities used for pain stimulation. For a more thorough introduction to human experimental pain models, see the first review in this series involving opioid analgesics [5] .
Method
PubMed searches were conducted for articles and abstracts. MeSH and free-text terms for analgesics were combined with the terms 'experimental pain' , 'human' , and 'randomized' . Analgesics included 'opioids' , 'nonsteroidal anti-inflammatory drugs' , 'antidepressants' , 'anticonvulsants' and 'NMDA antagonists' . Only manuscripts published in English were included. There was no limit to the time of publication. Furthermore, we did not feel that the level of evidence could be graded due to the exploratory nature of many of the studies. Some trials test combinations of analgesics, but to avoid too complex results we included only trials where the analgesic in question was tested alone in one of the treatment arms.
To be able to illustrate the importance of various experimental designs, we included only drugs that have been tested in at least five different trials. Trials involving experimental pain often use very small sample sizes because the variation of the outcome measures is less than in traditional clinical trials. Trials with fewer than 10-12 subjects are hard to test statistically and the findings therefore questionable. However, it has been shown that experimental models with a high reproducibility sample size <10 are powered to show the effect of analgesics [6] . Accordingly, we found a well-designed study with a sample size of seven, and this was the minimum sample size for the studies included in this review [7] .
Results are summarized and discussed on a pharmacological mechanistic basis at the end of each drug class section.
Nonsteroidal anti-inflammatory drugs and paracetamol in experimental pain

Acetylsalicylic acid (aspirin)
Acetylsalicylic acid has been tested extensively in the past. Topical as well as systemic preparations have been tested (Table 1) .
Acute models Skin/nasal and dental mucosa: Acetylsalicylic acid has been tested against pain from radiant heat, electrical stimulation, nasal gaseous CO2 stimulation and infusion of low-pH solutions [8] [9] [10] . Pain from repeated mechanical impact of the interdigital web is a classical model for detecting analgesia from nonsteroidal antiinflammatory drugs (NSAIDs), and this model is also sensitive to analgesia from acetylsalicylic acid [11] . Topically applied acetylsalicylic acid worked against the tonic pain from cutaneous infusion of a low-pH solution [10] . Electrical pain evoked in skin or dental pulp was decreased by aspirin [8, 12] . Kobal et al. found only significant modulation of the evoked potentials, not the subjective pain ratings after nasal gaseous CO2 stimulation [13] . Supporting this, Schaffler et al. found good effect of acetylsalicylic acid on the evoked vertex potential from radiant heat stimulation [9] .
Muscle: Since acetylsalicylic acid is used frequently for treatment of musculoskeletal pain, trials in muscle pain are very relevant. However, tonic muscle pain, such as ischaemic muscle pain in one study, was unaffected by acetylsalicylic acid when measured with various subjective ratings [14] . An explanation for this could be that the model did not induce prostaglandin production.
Models of hyperalgesia Skin:
Acetylsalicylic acid has not been tested extensively in hyperalgesic models. Allodynia and hyperalgesia from pinprick after capsaicin were diminished by acetylsalicylic acid, whereas heat hyperalgesia was unaffected [15] .
Muscle: Acetylsalicylic acid did not affect delayedonset muscle soreness when both intensity and unpleasantness were rated [16] .
Dosing regimes
The therapeutic dose for weak pain is normally set to 100-500 mg, and in most of the experimental trials reviewed here doses within this range were used, although at the higher end of the dose range. be effective. To be able to detect analgesia, electrical pain stimulation needs to be intense and evoke pain intensity well above the pain detection threshold [17, 18] . [19] . Here, as seen with other weak analgesics, only evoked potentials and not subjective pain ratings changed after drug administration [20] . Pain from repeated mechanical impact of the interdigital web was insensitive to ibuprofen, whereas pain was affected when the applied pressure was static [21, 22] . Pain from argon laser stimulation was also attenuated by ibuprofen.This could be because the repeated strong laser pulses caused sensitization of the skin [23] .
Muscle: It is not known exactly from which tissues the pain from the cold pressor test arises, but the pain has a deep quality and hence this model is described in the section for models applied in the muscles.The cold pressor test has been tested with ibuprofen and found insensitive [24] . The test has a known sensitivity to many opioids, but is apparently not suitable for testing weak NSAIDs [25] [26] [27] [28] [29] [30] . Eccentric jaw exercise caused muscle fatigue and low levels of post-exercise pain and soreness, which were attenuated by ibuprofen [31] .
Models of hyperalgesia
Skin: Ibuprofen has been tested twice against hyperalgesia after freeze lesions. Topical application of ibuprofen showed an effect in the primary hyperalgesic area to pinprick (von Frey hair) demonstrating a local effect of the drug. Systemic administration decreased both primary and secondary hyperalgesia to pinprick, demonstrating both central and peripheral antihyperalgesic mechanisms of ibuprofen [32] . In the study by Kilo et al. the primary hyperalgesic area was tested with heat (thermode) and mechanical impact (metal cylinder) where only mechanical hyperalgesia was sensitive to ibuprofen analgesia [21, 32] . Capsaicin-induced allodynia to stroking was not affected by ibuprofen [21] . Repetitive pinching of the interdigital web has also been used in trials of ibuprofen and a good effect of the drug in preventing hyperalgesia was found [21, 33] . Ultraviolet B (UVB) radiation of the skin promotes hyperalgesia to heat and mechanical hyperalgesia, which was decreased by ibuprofen [33, 34] . This model slowly develops a mild skin inflammation producing hyperalgesic mechanisms of peripheral origin [33] . In the same category of pain models, the burn injury model has also been applied in the testing of ibuprofen, where pain to brushing but not to punctuate stimuli was reduced in the secondary hyperalgesic area [22] .
Dosing regimes
The therapeutic dose for weak pain is 200-400 mg (three to four times daily); however, rheumatic pain needs doses ranging from 300 to 600 mg (three to four times daily). The experimental studies enrolled in this review applied supratherapeutic doses ranging from 400 to 800 mg. Two studies found equal effect of 400 and 800 mg in hyperalgesia, suggesting a plateau for the doseresponse profile [21, 23] ; however, another study applying the same doses found that evoked potentials responded in a dose-related manner [20] . Some studies have found a good sensitivity of evoked potentials compared with methods that apply subjective pain measures [8, 13, 35] . It Paracetamol (Table 3) Acute models Skin/nasal mucosa: Paracetamol has been tested against pain from laser and electrical stimulation of the skin. The model involving laser was sensitive to paracetamol, but again, this was probably due to skin inflammation caused by repeated laser pulses [36, 37] . Models with electrical stimulation of the skin showed conflicting results regarding sensitivity to paracetamol. Pain from repeated electrical stimulation mimicking the previously mentioned central integration of the response was unaffected by paracetamol. In the study where the electrical pain was decreased by paracetamol, modulation was most distinct in the evoked potentials compared with the subjective pain rating [38, 39] . Pain in the nasal mucosa from gaseous CO2 stimulation and dry air has been tested. For the phasic pain induced by gaseous CO2 stimulation, only evoked potentials and not subjective pain ratings changed after drug administration. The subjective pain ratings were affected for the more tonic pain induced by dry air [40] . Muscle: Pain from pressure algometry used for testing analgesia from paracetamol was not sensitive to the analgesic in two studies [39, 41] . A third study found that parac- etamol was effective against pressure pain, and this group found that immersing the hand into ice water gave a more pronounced analgesic effect for the pressure pain [42] . Furthermore, pain from intramuscular infusion of hypertonic saline has been tested, but was not decreased by the drug [39] . Likewise, a model involving both single and repeated intramuscular electrical stimulation was not sensitive to paracetamol [39] .
Models of hyperalgesia Skin: Pain and hyperalgesia from freeze was unaffected by paracetamol. Furthermore, paracetamol has been tested against hyperalgesia evoked by continuous electrical stimulation. Here the ongoing pain was unaffected, whereas the hyperalgesia was decreased [43] . The ongoing pain was assessed by subjective ratings and the limited sensitivity of this measuring method is in consensus with findings of Bromm et al. [38, 44] .
The reviewed studies applied doses in the therapeutic range. This could partly explain the limited effects of this drug in experimental pain models.
Mechanistic aspects
NSAIDs and paracetamol work by different mechanisms and accordingly have different profiles in experimental pain models. NSAIDs work on several clinical pain conditions and accordingly they also attenuate several types of physiological activation of the pain system as seen in acute pain models. Paracetamol has limited effect in models with acute pain stimuli. Although acetylsalicylic acid is a weak analgesic working mainly in inflammatory pain, this drug is effective against several acute pain measures in the skin even in normal therapeutic doses. This suggests a central effect, since in the periphery cascades releasing prostaglandins will probably not be activated in short-lasting experimental pain [45] . Topical ibuprofen seemed to have some advantages over systemic ibuprofen for attenuation of exercise-induced jaw-muscle pain, indicating that a peripheral pain mechanism is important in this model [31] . Experimental models involving NSAIDs shows how a peripheral mediated analgesia can be detected by central measures, because the sum of incoming nociceptive activity to the central nervous system (CNS) is reduced [9] . Generally, it could be seen that evoked brain potentials from electrical skin stimulation were more sensitive than the subjective pain rating [13, 20, 38] .
Models evoking tonic muscle pain show conflicting results. This is surprising, since such models mimic clinical inflammatory muscle pain, which is treated successfully with acetylsalicylic acid [16, 31, 39] . For the cold pressor test different results were seen for NSAIDs and paracetamol. Since immersing the hand into ice water is known to activate the descending noxious inhibition, the findings in this study indicate that paracetamol, but not NSAIDs, work through increasing this inhibition [24, 42] .
Pain and hyperalgesia from freeze lesions was attenuated by NSAIDs, but paracetamol had no effect in this model. Compared with NSAIDs, paracetamol has a different mechanism of action with less affinity to the peripheral cyclooxygenases and a more pronounced central effect, and this could explain the different findings for, for example, the cold pressor test and freeze lesion [32, 42, 46, 47] . Furthermore, this is supported by findings in the continuous electrical hyperalgesia model, which probably activates central mechanisms that were attenuated by paracetamol [44] . However, NSAIDs also demonstrate effect towards central hyperalgesic mechanisms [15, 22] .
N-methyl-D-aspartate antagonists in experimental pain
Ketamine
There are no clinical useful N-methyl-D-aspartate (NMDA) antagonists available for the treatment of pain, and ketamine has pronounced side-effects preventing wide clinical use as an analgesic. However, ketamine is used to some degree in difficult clinical cases and has been intensively investigated as a 'model drug' because of the substantial scientific interest in the NMDA receptors (Table 4) .
Acute models
Skin: Ketamine has been tested against sensations and pain from heat, cold and electrical stimulation. In several studies ketamine was ineffective against acute experimental pain in the skin [48] [49] [50] . However, the drug showed effect against electrical pain (particularly strong pain intensities) and heat pain in some studies [30, [51] [52] [53] . Pricking 'first pain' from laser stimulation was unaffected by ketamine [51] , whereas another study found effect on the affective components of heat pain and 'second pain' after thermal stimulation [54, 55] . Pain from repeated and continuous electrical stimulation was sensitive to ketamine [52, 53] .
Muscle: Muscular pain from electrical stimulation, pressure pain and hypertonic saline infusion was decreased after ketamine treatment [30, 51, 52] .
Viscera: Pain and unpleasantness from visceral distension was also decreased by ketamine [55] .
Models of hyperalgesia Skin:
Hyperalgesia to stroking and pinprick were affected by systemic, but not locally applied ketamine [56] [57] [58] [59] . One study evaluated the hyperalgesia with laser heat and electrical stimulation. Here only the electrical stimulation in the secondary hyperalgesic area was sensitive to the drug [60] .
Hyperalgesia evoked by burn injury is decreased by ketamine, and substantial effect could be seen on hyperalgesia to pinprick and allodynia to stroking [50, 61, 62] .
Allodynia and hyperalgesia from continuous electrical stimulation were all affected by ketamine [53] , which should be expected since the inflicted pain is strong and long lasting and probably activates the NMDA receptors.
Muscle: Mechanical hyperalgesia after glutamate injection in the masseter muscle was attenuated by intramuscular ketamine, showing an effect of the drug on the peripheral nerves where NMDA receptors have also been demonstrated [63] .
Viscera: Hyperalgesia to electrical pain has been induced in the oesophagus by infusion of hydrochloric acid. This study showed that ketamine was able to both prevent the development of hyperalgesia and reverse hyperalgesia already developed [64] .
Dosing regimes Ketamine is very potent, and the pronounced side-effects produced by this drug make dosing complex. Here a good example of the importance of the right timing of the dose was found. Willert et al. found that ketamine administered prior to induction of oesophageal hyperalgesia prevented the lowering of the pain detection threshold but, furthermore, reversal of induced hyperalgesia was seen if ketamine was administered after induction of hyperalgesia [64] . Hence the ability of ketamine to reverse hyperalgesia seems to be dependent on the model and tissue where the hyperalgesia is induced. Warncke et al. found that several of the decreased hyperalgesic responses to brushing and pinprick returned to the original hyperalgesic state 15 min after ketamine administration [50] . This could very well be caused by the short halflife of ketamine, meaning that the plasma level was markedly reduced after 15 min. It illustrated the importance of testing at time points where the drug is present in the body.Wallace et al. infused mean amounts of 0.33, 0.52 and 0.82 mg kg -1 [59] . These doses were high compared with those applied by Sethna et al., which could explain why Wallace et al. found much more pronounced effects [58, 59] . The doses were administered at different rates giving different plasma concentrations, which was probably important for the effect.
Mechanistic aspects
The NMDA receptor is mainly activated under strong or repeated stimulation [51, 65] and accordingly temporal and spatial summation (central integration of the afferent barrage via the NMDA receptor) is likely to be affected by ketamine [52, 53] . This may explain why ketamine was not effective in models using single stimulations with brief, superficial pain.
Deep pain from muscle and viscera was affected more than superficial pain [55, 66] . This is in accordance with findings in other human studies, where deep pain acti- All parameters were unaffected vated central mechanisms (involving the NMDA receptor) more quickly than superficial pain [67] . Generally, models involving hyperalgesia induce longlasting and strong pain and therefore could demonstrate analgesia from ketamine. Wallace et al. tried to administer ketamine both prior to and after intradermal injection of capsaicin. The group found that to provide analgesia the drug needed to be administered prior to the induction of hyperalgesia [49, 59] . This probably reflects that development of hyperalgesia was prevented rather than a reversal of the process. Hyperalgesia from application of capsaicin to the skin was sensitive to ketamine when evaluated by stroking and pinprick [58, 59] . This effect seemed to be central, since subcutaneous administration failed to attenuate the hyperalgesia and spontaneous pain [56, 57] .
Anticonvulsive agents in experimental pain
Gabapentin
Gabapentin is widely used in neuropathic pain and has been the subject of great interest in experimental pain testing (Table 5 ).
Acute models Skin: Heat pain and pain from stimulation with von Frey filaments have been tested with gabapentin. The subjective pain ratings after such stimulations were unaffected by gabapentin, but in functional magnetic resonance imaging (fMRI) studies activations in the bilateral insula were modulated [68, 69] .
Muscle: The cold pressor test, which is sensitive to opioids, was insensitive to gabapentin [25] . Arendt-Nielsen In the column 'Model' the method for pain assessment is normal font, and the method for pain induction is bold. PDT, pain detection threshold; PTT, pain tolerance threshold; AUC, area under curve; VAS, visual analogue scale; HA, hyperalgesia.
Experimental pain and non-opioid analgesics et al. found that pain from infusion of hypertonic saline was attenuated after gabapentin [70] . However, these findings were in contrast to another study using the same stimulation and assessment methods, but applying higher and multiple doses [71] . These conflicting results are hard to explain, since the study by Segerdahl et al. should have seen a stronger analgesic effect because of their dosing regimen (see section on Dose). However, the different results could be attributed to differences between laboratories such as instruction of subjects and assessments of the pain [72] (Figure 1 ).
Models of hyperalgesia
Skin: Several groups have tested gabapentin against hyperalgesia/allodynia from cutaneous capsaicin stimulation. The results are variable, but all studies showed analgesic effect on at least one hyperalgesia parameter, where allodynia to brushing seemed to be more robust than secondary hyperalgesia to pinprick [68, 69, 73] . One study did not show effect on subjective pain ratings, but only on brainstem activation in an fMRI study. This study found that the modulation of the cerebral response was clearer for hyperalgesic pain than for acute pain [69] . Inflammation from UVB radiation was unaffected by gabapentin [74] .
Dosing regimes A straightforward dose-response relationship is not apparent from the trials of gabapentin. In the hypertonic saline model inducing muscle pain, an effect was seen in the study applying the lower dose. daily dose of 2400 mg p.o. for 15 days, and this study revealed only effect on allodynia to brushing [73] . The study by Dirks et al., however, applied a rather low dose, and found an overall good effect on several pain parameters [68] . In the clinic this drug needs a slow titration to effect and can take weeks for the analgesia to appear. This complex pharmacodynamic/pharmacokinetic relationship may explain the nonlinear relation between dose and effect found in experimental pain models.
Lamotrigine
Lamotrigine is a sodium channel antagonist that has been characterized in various experimental pain models (Table 6 ).
Acute models Skin/nasal mucosa: Lamotrigine has been tested against heat pain in the skin and in pain from CO2 stimulation of the nasal mucosa. The drug generally did not show effects in any of these models.Only the latency to P100 (a component of the evoked brain potential) was increased and this was seen as a coincidence of multiple testing of several parameters. [76] [77] [78] . Muscle: The cold pressor test, which is sensitive to opioids, was also sensitive to the analgesic effects of lamotrigine.
Models of hyperalgesia
Skin: Lamotrigine has been tested against capsaicin and capsaicin in combination with heat. In these models no effect was found on either 
Figure 1
Illustration of how different types of pain induction have different sensitivities for detecting analgesia. The single electrical stimulation gave the least separation of the treatment effects of gabapentin; 1200 mg (black) and placebo (grey). Repeated electrical stimulation activating central pain (temporal summation) mechanisms gave a better separation (but still not significant). Of the three, the most tonic and deep pain type after intramuscular injection of hypertonic saline gave significant separation of placebo and gabapentin [75] spontaneous pain or on the subsequent hyperalgesia [77, 78] .
Dosing regimes In several of the reviewed studies, doses that produced profound side-effects were applied, and hence it does not seem that application of insufficient doses is the reason for the lack of effect in the various models [76, 77] .
Mechanistic aspects
Both drugs in this class have limited effect in physiological pain mechanisms. Lamotrigine stabilizes neuronal membranes and reduces pathological spinal neurotransmitter release.The effect of gabapentin seem to be the result of a complex synergy between increased GABA synthesis, non-NMDA receptor antagonism and binding to the a2d subunit of voltage-dependent calcium channels [79] . For both drugs the effect seems to depend on the reduction of pathological neurotransmitter release and hence the lack of effect in short-lasting acute pain models [80] . Interestingly, lamotrigine decreases pain from the cold pressor test. This could be due to the tonic (and relative longlasting) nature of the evoked pain in this model or because lamotrigine affects the descending noxious inhibitory control [81] .
Both drugs have been tested extensively in the hyperalgesia caused by capsaicin, where only gabapentin showed effect. Lamotrigine has a clinical effect comparable to gabapentin, but apparently the mechanisms of lamotrigine cannot be shown in experimental hyperalgesia, which is the case for gabapentin. It should be stressed that even in experimental models inducing hyperalgesia, central plasticity is not induced in the same manner and to the same extent as in chronic pain patients. For example, upregulation of calcium channels is unlikely to occur.These differences may partly explain the better effect of anticonvulsive agents in clinical conditions.
Antidepressants in experimental pain
The tricyclic antidepressants are primarily used in treatment of neuropathic pain, and a few tricyclic antidepressants have been tested in experimental pain models.
Imipramine (Table 7)
Acute models Skin/nasal mucosa: Imipramine has been tested in models involving heat, electrical and laser stimulation of the skin as well as nasal gaseous CO2 stimulation [82] [83] [84] [85] [86] . Electrical pain was sensitive to the drug, but pain intensity had to be above the pain threshold for detection of analgesia [83] . Sensations from laser stimulation (reflecting a fast heat stimulus) were unaffected by imipramine, whereas the pain to heat from a thermode was decreased [85, 86] .The rate of the heating in the latter study was slow, securing more selective C-fibre activation [85, 87] . Sensation to intracutaneous electrical stimulation was decreased by imipramine. The effect was detectable on both subjective pain ratings and in the evoked potential [82] .The nociceptive withdrawal reflex is initiated by a nociceptive input (typically electrical stimulation) followed by secondary processing in the spinal cord, which initiates the generation of the withdrawal reflex [88] . The effect of the nociceptive withdrawal reflex to sural nerve stimulations was investigated by Poulsen et al. [85] . This group found a profound effect of imipramine on the reflex threshold and subjective pain ratings to single stimulations, whereas the effect on repeated stimulations (reflecting the central, NMDAmediated integration of the response) was detected only by the subjective pain rating [85] .
Muscle: Pain evoked by the cold pressor test was unaffected by imipramine [83] . Deep pressure pain was decreased by imipramine, but the stimulus intensity needed to exceed the pain threshold for a significant effect [83, 85] . Viscera: Non-nociceptive sensations and pain to distension of the oesophagus were investigated by Peghini et al., who found that only the painful sensations were affected [89] .
Dosing regimes Most studies applied high doses (100 mg) compared with clinically used doses (25-50 mg or less in chronic pain), and this could be part of the reason for the overall good effect of imipramine in the majority of studies. However, in the clinical situation there is often a delay of 1-2 weeks before the drug works.
Mechanistic aspects
The tricyclic antidepressants mainly inhibit the serotonergic and norepinephrinergic reuptake, but several mechanisms probably account for the analgesic properties of this drug [90] . The fact that imipramine works through many different analgesic mechanisms may also have contributed to the effects found in several experimental models. However, several studies show a pain-specific action of imipramine with a decrease of sensations at the pain detection threshold or of higher intensity [83, 85, 89] .
Other types of analgesics
Delta-9-tetrahydrocannabinol
Acute models Skin: Delta-9-tetrahydrocannabinol has been tested in models involving sensation to warmth and cold and pain evoked by mechanical [pinprick (von Frey) and brush], cold, heat and electrical stimulation [91] [92] [93] [94] .
The majority of studies found no effect on the pain parameters except for brush and pinprick evoked pain [94] . However, in an older study applying electrical skin pain and repeated pressure algometry, the pain detection thresholds, but not the pain tolerance thresholds to these pain stimulations, were increased after administration of delta-9-tetrahydrocannabinol.
Muscle: The cold pressor test has been used with different routes of administration of the drug, where no effect was found after either p.o., intravenous or pulmonal administration [91, 92] (Table 8) .
Models of hyperalgesia Skin: After intradermal injection of capsaicin there was no effect of smoking cannabis on secondary hyperalgesia to heat or pinprick or allodynia from stroking. However, different doses reduced and increased the spontaneous pain after capsaicin [94] .
Dosing regimes
Since this drug has not been approved for pain treatment, no therapeutic range for clinical use exists. However, a dose range of 5-10 mg p.o. has been found effective in sclerosis [95] . On the other hand, even doses of 20 mg. p.o. did not produce significant analgesia in acute experimental pain [91] . The only model where delta-9-tetrahydrocannabinol produced significant analgesia (spontaneous pain from intradermal capsaicin) administered the drug via smoking of cannabis. This exposed the subjects to a mixture of cannabinoids where several possess activity in the CNS [94] . This makes comparison of the dose of this study with other studies using the clean compound difficult. Furthermore, one study Table 7 Schematic overview of studies involving imipramine in human experimental pain models Oesophageal balloon distension first sensation, PDT First sensation ↔ PDT ↑
In the column 'model' the method for pain assessment is normal font, and the method for pain induction is bold. PDT, pain detection threshold; PTT, pain tolerance threshold; AUC, area under curve; VAS, visual analogue scale; HA, hyperalgesia.
Experimental pain and non-opioid analgesics found an inverse dose-response relation for delta-9-tetrahydrocannabinol [94] .
Mechanistic aspects
The analgesic effect of delta-9-tetrahydrocannabinol is hard to show in acute experimental pain models. However, the drug has shown a complex pattern of analgesia with a stronger effect on pain intensities below the pain detection threshold than on those above [96] . This pattern is opposite to that of classic analgesics such as opioids working mainly on suprathreshold intensities, and could reflect that delta-9-tetrahydrocannabinol works on the sensory-discriminative rather than affectivemotivational aspects of pain, which is in consensus of the findings of Wallace et al. [94, 96] . In hyperalgesic models pain from capsaicin, reflecting strong C-fibre activation, was decreased by delta-9-tetrahydrocannabinol
Discussion
Non-opioid analgesics in experimental pain
This type of analgesics exhibits different potencies and accordingly they show a more variable efficacy in experimental pain models compared with opioids. An overview of the findings in different experimental models is provided in Tables 9 and 10 . Because of the relatively moderate analgesic potency of NSAIDs and paracetamol, the effects of these drugs are best demonstrated in models that have a large dynamic range and hence can detect small treatment effects. Particularly for paracetamol, it is problematic to prove efficacy in acute experimental pain [36, 39, 41] . Good models for detecting analgesia of NSAIDs include heat pain from laser stimulation, pain from nasal stimulation of the nasal mucosa or long-lasting or repetitive pinching of the interdigital web.
Ketamine that is a strong agonist for particularly the NMDA receptor works well in models that activate the NMDA receptor, including models with repeated stimulation or strong and long-lasting pain [30, 51, 52, 66] . However, this compound also decreases more shortlasting pain, despite the questionable activation of the NMDA receptor in such models [30, 52] . An explanation for these findings could be that sedation influences the subject's pain scoring. Pain from deep structures seems to be more affected by this compound, illustrating a tissue different profile for this compound [55] .
Anticonvulsive agents are generally not very efficacious in experimental pain, although gabapentin has shown effect mainly in models evoking hyperalgesia [68, 69, 73] . In the clinic these compounds needs to dosed for >1 week before the effect appears, and this complex pharmacokinetic/dynamic relation could partly explain the limited success seen in studies involving anticonvulsive agents and experimental pain.
Imipramine affected several types of experimental acute pain. However, the most sensitive models include pain intensities above the pain detection threshold or pain assessment by the mean of evoked brain potentials [82] [83] [84] [85] .
Cannabinoids (delta-9-tetrahydrocannabinol) are not approved for pain treatment, and paradoxical findings regarding analgesia from these compounds exist, e.g. nonpainful sensations were affected but not the painful sensations [96] . Such findings could reflect that pain 
Models applied in the viscera
Distension of oesophagus
Imipramine, ketamine [55, 89] The table concludes and summarizes findings found above. Drugs in parentheses have different efficacy in different trials; the drug is then put in the category where evidence is strongest.
Table 10
Schematic overview of the effect of non-opioid analgesics in human experimental pain models inducing hyperalgesia processing is affected differently compared with the traditional analgesics.
Designing experimental studies involving non-opioid analgesics
A good trial of an unknown drug in an experimental pain model is best designed with careful consideration of the pharmacological mechanisms and kinetics of the drug [49, 59] . To obtain a good trial design, at least three factors needs to be considered: (i) a model (including an appropriate induction and assessment method) that activates mechanisms and pain pathways being sensitive to the analgesic in question; (ii) correct dose, which ensures sufficient efficacy combined with limited side-effects; and (iii) correct dosing regime (single dose/multiple dose) and time points of testing for analgesia (Figure 2) .
Choosing the right model Since non-opioid analgesics are less potent than opioids, detection of analgesia in experimental pain can be problematic and models recruited should have high sensitivity. High sensitivity comes from combining a model that recruits pain mechanisms that are modulated by the compound in question with a robust, sensitive method of pain assessment. However, for some analgesics this is not obvious and, for example, it seems less clear-cut which mechanisms are attenuated by, for example, NSAIDs and paracetamol [10, 13, 20, 38] .The same is true for the anticonvulsive agents. Some assessment methods summarize the pain over time, whereas others register the peak pain. Normally, summarized pain measures are more robust, giving a high signal-to-noise ratio, which determines the sensitivity of the pain model [97] . It is seen in several studies that evoked potentials and brain imaging can provide more sensitive measures of analgesia when compared with subjective pain rating on various scales [8, 13, 38, 69] . However, it should be kept in mind that amplitudes of evoked potentials reflect only a few components (e.g. intensity) of the pain experience (Figure 3) .
Furthermore, the reproducibility of the model is an important factor in testing analgesics, where it is necessary to repeat the pain stimulation several times during active and placebo treatments. If the reproducibility is low, then the change in the pain measure needs to be large for the model to detect it [97] .
When the right model is chosen one should bear in mind that the stimulation intensity in the experimental model should be well controlled, so that the impact on the pain system is stable [1, 4] . This also ensures repeatability, which is crucial for good sensitivity towards analgesic modulation of the pain in the model [6] . In the case of cross-over designed studies it is important that the investigator is the same in all pain assessments, since gender and appearance of the investigator can influence the pain rating of the volunteers [98] .
If the molecular targets of an analgesic are known, then selection of the appropriate model can be done by looking into previous trials of drugs working on similar targets. However, as non-opioid analgesics are less efficacious than opioids, this does not guarantee selection of a sensitive 
Figure 2
Schematic overview over how several parameters can affect the outcome of trials involving drug testing in human experimental pain models. The information in this review gives the possibility of going backwards in the flowchart and deciding on the appropriate model, assessment method and population to make a realistic prognosis of the outcome for a drug with a known pharmacological profile test. To overcome this, as many test modalities as possible (e.g. mechanical, thermal and electrical) can be included to ensure the best possible investigation of the drug. However, with several stimulus modalities it is important to select appropriate primary outcomes and statistical methods to avoid the problem with multiple testing [99] . Differential knowledge of a drug's pharmacological properties can be achieved from inclusion of models that activate both peripheral and central pain mechanisms [51] . It is also an advantage to include models that evoke sensitization of the pain system, since many non-opioid analgesics seem to show more robust analgesia in the sensitized pain system [32, 43, 68, 69] .
Choosing the right dosing regime and time points for testing the analgesia The kinetic profile is needed to determine when it is optimal to perform the pain tests, bearing in mind that bad timing of the pain testing can jeopardize an otherwise well-designed trial.
The dosing regime is important, particularly for drugs that work on pain mechanisms prevalent for chronic pain conditions, but also for centrally working drugs that cross the blood-brain barrier slowly. It could be speculated that multiple dosing is necessary for drugs such as lamotrigine or tricyclic antidepressants, because these drug works in the clinic, but need time to develop the analgesia [73, [76] [77] [78] .
Choosing the right dosing regime The dosing of the analgesic is an important factor for the findings of the model [10, 59, 100, 101] . It has been suggested that supratherapeutic doses are needed for detectable analgesic effects, especially for non-opioid analgesics [10, 20] . This could be explained by the more short-lasting limited and/or differential activation of the pain system in experimental pain [102] [103] [104] . It can be speculated that limited activation the pain system produces a smaller pain response compared with the clinical situation and that a relatively large decrease (which can be induced by a high dose of the analgesic) in this pain response is necessary to be statistical significant.
It can be difficult to decide the dose of a new compound, and safety often decides the upper limit of a dose. The dose should be selected as high as possible, well within a safe dose range.
Furthermore, the dose applied should reach the site of action. This can be problematic when topical formulations of polar drugs are applied, for example. This is seen with studies involving acetylsalicylic acid, which would not diffuse across skin in clinically significant amounts unless it hydrolyses first to salicylic acid. Topical administration of ibuprofen does not present these problems, since this drug is much more diffusible and does not hydrolyse.
The role of experimental pain in drug testing
There is need for translational studies between animal experiments and expensive and complex Phase III studies in patients. Typically, when studying the effect of a new analgesic compound, Phase I safety studies in healthy volunteers lead more or less directly to studies in patients. The experimental pain models in healthy volunteers can provide additional information about drugs overcoming species differences and avoiding the bias seen in clinical trials involving analgesics. As experimental pain models recruit only part of the various mechanisms working in clinical pain, it is possible to investigate on a mechanistic basis how analgesics work. Hence, some of the pharmacological mechanisms found in animal testing, such as involvement of the NMDA receptors in temporal summation, are also valid in human models [51, 52] . This has the potential to define the right target pain mechanisms and hence patient groups in Phase II and III trials, which in the end could reduce costs and lead to better and more mechanism-based pain treatment. Considering the many experimental data summarized in this review, there are still . This justifies the use of human experimental pain models for trials involving compounds that exhibit large interspecies differences (e.g. have effect in rats, but not in humans). Such compounds can then be excluded from further clinical studies. Furthermore, the current knowledge of molecular pharmacological mechanisms for clinically available analgesics is limited and there is still a need for basic investigations of several analgesics in well-designed human experimental pain models. However, this field of research has so far produced many contradictory findings even in studies using the same pain stimulus. Differences are often caused by different pain assessment methods (where the intensity and modality are often poorly controlled) and different populations of volunteers and/or dosing regimes, and the use of more homogenous trial designs in this respect would make study comparisons more useful. 
